INTRODUCTION
Inherited deficiencies of many of the proteins contributing to the classical and terminal complement pathways have been described in man. Homozygous and heterozygous deficiencies are found in healthy individuals. However, illness in the form of inflammatory rheumatic disorders and infections has been associated with homozygous deficiencies (1) (2) (3) . The hereditary deficiency reported most frequently is that of the second component of complement (C2).' Homozygous or heterozygous deficiency of C2 has been found in both healthy individuals and in association with systemic lupus erythematosus (SLE), discoid lupus, dermatomyositis, vasculitis, and Henoch-Schonlein, or anaphylactoid purpura (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . The recent linkage of particular HLA-A, B, and D serotypes with C2 deficiency provides a useful adjunct to the complement assays in the identification of potentially C2 deficient subjects (11, [16] [17] [18] [19] [20] .
The nature of the association reported between the genetically determined defects and the rheumatic diseases like SLE and discoid lupus is not established (16) (17) (18) (19) (20) . To evaluate the extent of this relationship, we report a study of hereditary C2 deficiency, its incidence in healthy and rheumatic disease individuals, and characteristics of the associated diseases.
METHODS
The subjects studied, all of whom attended the Robert B.
Brigham Hospital, included 137 with SLE, 274 with juvenile rheumatoid arthritis (JRA), and 134 with rheumatoid arthritis (RA). None of these patients were referred here specifically for evaluation of complement abnormalities. The patient populations were evaluated in terms of the appropriate American Rheumatism Association criteria (21) (22) (23) .
The patients with SLE and JRA consisted of all those wlho have attended the respective clinics over a 5-yr period and about whom there was sufficient criteria know n to make a positive diagnosis at least on clinical grounds. Among the 137 SLE patients there was one family with three sisters with SLE (none were C2 deficient) and among the 274 JRA patients there was one family with two sisters (one of whom is C2 deficient). For the purposes of this study they were all included. The RA patients were selected over a 3-mo period and formed a consecutive series attending the Hospital. 121 of the 137 SLE patients had four or more American Rheumatism Association criteria; the remaining 16 had three or less. The 274 JRA patients were only diagnosed as such after other diseases were excluded (22) . Of 134 RA patients, 111 were diagnosed as definite, 16 as probable, and 7 as possible (23) . The SLE population had a mean age of onset of disease of 29.8± 13.9 yr; the JRA patients were less than 17 yr at onset, and the RA patients' mean age of onset was 47.4±15.1 yr.
Family members of C2 deficient patients were questioned as to rheumatic disease symptomatology. Sera from 509 blood bank donors were kindly provided by Dr. Zymanski, Massachusetts Red Cross, for C2 level determination.
The C2 deficient individuals were defined as previously described (20) and summarized below. Serum was separated within 3 h of venipuncture and stored at -70'C until required for assay. All sera were assayed for total hemolytic complement CH50 and Cls, Clq, C2, C4, C3, C5, C6, and properdin Factor B proteins (24) (25) (26) (27) . The complement components were assayed initially by radial immunodiffusion (27) . Inherited deficiency of C2 was suspected when the C2 protein was low (less than 2 SD below the mean) or low normal (less than 1 SD below the mean), particularly if other components of the classical pathway were within the normal range (Table I) . Functional C2 activity was then measured in those individuals with this apparently isolated deficiency of C2 or a low normal value. The normal values for complement levels with mean±2 SD for 102 normal individuals are given in Table I . If the functional C2 level was less than 2 SD below the mean, multiple samples stored at intervals during routine clinical follow-up were analyzed retrospectively by both C2 protein and functional assays to exclude acquired changes in C2 levels.
HLA tissue typing was performed (28) on available individuals with consistent evidence of C2 deficiency. Serum complement levels and HLA typing were determined in family members to establish the inherited nature of the C2 deficiency.
Four groups of individuals were classified as follows: (1) 'definite' inherited C2 deficiency supported by occurrence of similar abnormalities in one or more of the other family members in association with HLA A1O(Aw25) or B18, or both; (2) 'probable' inherited C2 deficiency characterized by isolated low C2 levels in association with HLA A10 (Aw25) or B18, or both; (3) 'possible' inherited C2 deficiency by occurrence of isolated low C2 levels where HLA or family studies were not available; and (4) C2 normal, when C2 values were within 2 SD of the normal mean.
Antinuclear antibodies and precipitins to nuclear antigens and nucleic acids were determined by immunofluorescence and by counterimmunoelectrophoresis, as previously described (29) . Table II , differences between disease and control groups were significant for SLE (8 of 137), and for JRA (10 of 274) compared with the control group (%x = 11.06, P = 0.0009 and x2 = 5.43, P = 0.02, respectively); but not for the RA group (2 of 134).
The complement and HLA data by which these C2 deficient individuals were defined are given in Tables III and IV. In 11 deficient individuals, confirmatory family studies were possible in one of the RA patients (P. L.), in six of the JRA patients (M. Mu, P. B., K. M., J. M. F., J. R., P. P.), and in four of the SLE patients (E. R., M. P., A. S., A. W.), including the homozygous deficient individual (A. W.). In 10 instances, 1 or more of the other family members were found to have C2 levels consistent with C2 heterozygous deficiency and to share a similar HLA haplotype with the propositus (AIO[Aw25], B18, or both) (Tables  III and IV) . These were classified as definite C2 deficient. In one family study of a JRA patient (P. P.), several family members were C2 heterozygous deficient in association with AlO,B18, and evidence of a crossover in the region of C2 in the propositus was obtained.2 patients with RA had seronegative, nonerosive disease; in addition, A. M. had features suggestive of SLE (Table V) . The JRA patients (Table V) included individuals with all of the three types of onset to their symptoms that have been defined in this disease: sudden, oligoarticular, and polyarticular (30) . The patterns of severity conformed to that found in the JRA population as a whole, 3 of the 10 JRA subjects having degrees of disability such as to impair their level of function in daily activities. The C2 deficient SLE patients were not readily distinguishable from the non-C2 deficient SLE group. The mean age of onset of the C2 deficient SLE patients, 23.2 yr, compared with 29.8 for the non-C2 deficient SLE group (P = 0.1). The disease ranged widely in its severity from a mild nondisabling type to the severe forms, two of the eight C2 deficient patients dying from the complications of SLE (J. Ca., H. P.). The homozygous deficient individual (A. W.) has mild SLE with minimal disability after 15 yr of follow-up, but had the earliest age of onset of the whole group of 137 SLE patients with disease beginning at the age of 9 yr. 4 of the 8 patients have had low titers of ANA (1/20) throughout their period of follow-up, compared with 13 of the remaining 129 SLE patients, a significant difference with P = 0.0009 (x2 = 11.05). Low titers of ANA could be associated with severe disease; the two patients dying of the disease (J. Ca., H. P.) were among the four C2 deficient patients with low ANA. None of the 8 C2 deficient SLE patients had vasculitis, a complication seen in 6 of the other 129 patients with SLE (x' = 0.40). There were no other apparent differences between the C2 deficient and non-C2 deficient patients.
62 individuals from the families of these C2 deficient propositi were available for study; 30 were identified as C2 heterozygous deficient, of whom 19 were female and 11 male. The total group of 62 relatives also had a female: male preponderance, the ratio being 39: 23. All 30 C2 deficient family members were heterozygous. No additional homozygous deficient individuals were identified. The C2 values, both immunochemical and functional determinations, are given in Table I ; the C2 protein levels in 3 of the C2 deficient relatives were within the normal range (i.e., mean+2 SD) with values up to 16.8 tAg/ml. The functional C2 values of these three relatives were all below 2 SD below the mean for that assay. The C2 levels in those family members thought not to have an inherited deficiency were within the normal range (mean±2 SD) with one exception. This exception, the mother of a C2 deficient propositus with SLE (M. P. -Table IV) , had a low C2 protein of 13.2 Ag/ml and a normal C2 functional value of 17,658 U/ ml. Two other relatives of M. P., including the father, had C2 protein and functional levels which were below normal and HLA haplotypes A1O,B18 as did the propositus; the mother did not. The low C2 protein in the mother was not, therefore, established as an inherited change; it has not been possible to obtain a further blood sample.
The levels of complement components in the family members other than the C2 deficiency and low or low normal CH50 levels were essentially normal, with the exception of Factor B levels. The serum levels of Factor B were lower among the C2 deficient family members (242±+108) when compared to their nondeficient relatives (282±146) ( Table I) ; this difference was statistically significant with a P value of <0.01).
The distribution of rheumatic disease among the relatives of propositi appeared to be independent of the inheritance of C2 deficiency: 6 of 26 C2 deficient relatives, compared with 7 of 32 C2 normal relatives had symptoms suggestive of rheumatic disease. Of the C2 deficient relatives, three had Raynaud's phenomenon, one had JRA, and one had RA. Of the normal C2 relatives, three had RA and three had JRA. ANA were found to a similar extent in the sera of C2 deficient Inherited C2 Deficiency: Rheumatic Disease Associationsrelatives and the C2 normal group: two and three subjects in each group.
Among the control group, four of the possible C2 deficient individuals had isolated deficiencies of C2 (1-3, 5) (Table IV) . The other two blood donors (4, 6) had borderline levels of Clq.
DISCUSSION
The identification of heterozygous deficiency, especially when homozygous deficient individuals are not found in the families, may present difficulties. The availability of both protein and functional assays for C2 has made the identification of heterozygous deficiency easier, as is the knowledge of linkage between genes determining the low levels of C2 in serum and the HLA system, in the Caucasian population studied.
The presence of changes from acquired disease can be a further difficulty, particularly in the instances in which family studies could not be carried out. Inflammation can elevate and immune complex disease depress C2 levels, although C2 is one of the complement proteins least likely to fall in this latter situation. The 129 SLE patients without apparent inherited C2 deficiency in this study had 50 clinical exacerbations of lupus nephritis; C4 and(or) C3 levels fell on all occasions. In contrast, a fall in C2 protein to below 2 SD below the normal mean was detected in only three instances.
We have found when individuals have both low serum C2 protein and C2 functional values and other components are normal, that study of more family members revealed others with similar isolated low C2 values. In our experience, these individuals and their relatives with low C2 levels (generally less than 2 SD below the normal mean) also had HLA antigens A10(Aw25) and(or) B18 which have been shown to be strongly linked to C2 deficiency (20) . By these means individuals were defined as C2 heterozygous deficient in the absence of homozygous deficiency within their family.
In patients in whom the supportive evidence from HLA typing and(or) family studies was not available, every serum drawn from that person and stored at -70°C in the Robert B. Brigham Hospital serum bank was checked to ensure that the C2 levels were consistently in the heterozygous range and that levels of other complement components were normal. In these instances, the inherited nature of the low C2 blood levels could not be established and the qualification 'possible' was used to describe the C2 deficiency. 4 of the 20 patients in this series were in this category, as were the six controls. 1 patient in the SLE group of 137 had low C2 levels on every occasion; but as C3 and C4 levels were also low when C2 was measured, separation of these changes from those of acquired disease was not possible and, therefore, the individual has not been included in the C2 heterozygous deficient group.
Given these qualifications about the identification of the deficient individuals, this survey of C2 deficiency includes all of the available patients in the JRA and SLE clinics at the Robert B. Brigham Hospital. All of the patients studied, including the homozygous individual (A. W. -Table IV) , presented themselves to the Robert B. Brigham Hospital with disease and were not referred because of complement abnormalities. The controls, the blood donor population, do not constitute the ideal control group since HLA, clinical and family studies were not possible. Two of the six individuals in the control group with low C2 levels also had borderline levels of one or more of the other complement components. For the purpose of this study, all of the six blood donors have been assumed to have an inherited deficiency of C2.
This represents a 1.2% incidence of C2 heterozygous deficiency among the 509 blood donors. Stratton et al. found one homozygous C2 deficient individual among 10,000 blood bank donors (31) . By using the HardyWeinberg law (32) , one would have therefore expected a 2% incidence of C2 heterozygous deficiency among normal controls. Conversely, the expected incidence of homozygous C2 deficiency based on our observed gene frequency of 0.01 for C2 heterozygous deficiency would be 1: 40,000.
The most significant association in this study between C2 deficiency and disease was with SLE. Females predominated in both the C2 deficient and C2 normal SLE population. This suggests that heterozygous C2 deficiency is not a sufficiently strong factor to disturb the disproportionate female: male ratio found in SLE.
The SLE patients with C2 deficiency differed from the other SLE patients by the relative low titers of ANA, 4 of 5 having low titers compared with 11 of the remaining 129 patients. This feature of patients with other genetically determined complement deficiencies and SLE has been observed by others (11, (33) (34) (35) (38) . This increased frequency of isolated IgA deficiency in SLE is similar to that for C2, although family studies were not reported for the IgA deficient subjects.
The JRA population, in which the incidence of C2 deficiency is marginally significant, has been studied over a mean period of 5 yr. This population may contain individuals who, if followed longer, may turn out to have had other forms of arthritis. The possibility exists that there is a more marked association of C2 deficiency with a subpopulation of the JRA patients; the other seronegative arthritides cannot be separated readily with the exception of the Bw27 positive individuals.
The RA population, a group with the onset of disease later in life than either the JRA or SLE patients, did not have an increased incidence of C2 deficiency. In these patients, the age of related failure of immunosurveillance described in man and in experimental animals may be more relevant to pathogenesis than inherited immunodeficiencies (39, 40) .
The extent to which serum levels of other complement components are affected by the C2 heterozygous deficiency can be seen in Table I . In addition to CH50, the Factor B levels were significantly lower in deficient than in the C2 normal family members. This tendency for Factor B levels to be lower has been reported by others in patients with homozygous C2 deficiency (9) (10) (11) 14) but not hitherto in the apparently healthy C2 deficient relatives. Further study will be required to ascertain the inherited or acquired nature of the low Factor B protein determinations.
The mechanism by which C2 deficiency is associated with rheumatic disease, and SLE in particular, is not known. Genes determining C2 deficiency could be linked to those predisposing to SLE, although the existence of such genes, as with other immune response genes in man,
is not yet established. There is linkage disequilibrium between gene(s) controlling C2 levels with HLA-A1O,B18 (18) (19) (20) (21) (22) , for the D locus antigen LD7a (19) and for the slow allotype of properdin Factor B (BfS) (41) . A single mutation which occurred some generations ago, but yet not sufficiently recently for equilibrium (42) to have developed, could explain the observed association between these five factors (A10, B18, LD7a, BfS, and C2d) and rheumatic disease. A recombinant frequency of 3-4% has been observed between C2 deficiency and HLA-A and B loci (19, 20) . With this rate of recombination, linkage disequilibrium would be lost over approximately 150 generations (43) . If such a mutant did occur so relatively recently, our Caucasian population would have had a common ancestry. There is no evidence for this. The alternative explanation of selective advantage in this linkage group is difficult to evaluate.
Alternatively, some failure of a biological role of the early components of the classical pathway of complement could be involved. The functions specific to the early components of the classical pathway include fixation by immune complexes, in viral neutralization, at least in fluid phase as distinct from cell surfaces (44, 45) . A defect of opsonizing activity in C2d serum has been reported, although this has not been found consistently (46) .
The dearth of ANA in these C2 deficient SLE patients could represent another type of defect in a function of complement. The T-cell dependent antibody response has been demonstrated to be dependent on C3 in experimental animals (47) . Classical pathway activation may be involved, a conclusion reinforced by the poor antibody response found in C4 deficient guinea pigs (48) . A (51, 52) .
Rheumatic disease and ANA in those C2 deficient families are equally distributed in the deficient as in the C2 normal individuals. These findings also suggest both hereditary and environmental factors may be important in etiology.
C2 heterozygous deficiency does appear to predispose an individual to rheumatic disease, particularly SLE. The elucidation of mechanisnms of this predisposition may give insights into the environmental interaction that seems critical in the development of disease in the genetically susceptible individual.
